In-field DC and AC magnetization measurements were carried out on a sigma-phase (irreversibility, cross-over) can be described in terms of the power laws.
Introduction
The sigma phase () is one of numerous examples of the so-called Frank-Kasper (FK) phases, also known as topologically close-paced structures. The  phase in the Fe-Cr system discovered in 1927 [1] has been regarded as the prototype and its crystallographic structure was identified about 25 years later [2] . Its tetragonal unit cell hosts 30 atoms distributed over 5 lattice sites having high coordination numbers (12) (13) (14) (15) , a characteristic feature of the FK phases. Sigma-phase can be formed only in alloys in which at least one element is a transition metal. In the simplest case i.e. binary alloys, there are known 43 cases in which the occurrence of  has been reported [3] .
An interest in  can be classified into two categories: (1) industrial and (2) scientific.
The former stems from the fact that it often precipitates (as an extra phase) in technologically important materials, for example, ferritic and/or martensitic steels or super alloys. The presence of  in these materials, even in small percentage, causes a serious deterioration of their useful properties including corrosion resistance, creep strength, impact toughness or tensile ductility. In other words, its presence in these materials is highly undesired. On the other hand, efforts has been recently undertaken to take advantage of its high hardness, in order to strengthen materials properties [4] .
Scientifically,  has been of interest per se, due to its complex crystallographic structure which is further complicated by lack of stoichiometry. In fact, for a given alloy,  exists in a certain range of composition. Consequently, its physical properties can be tailored by changing the composition. Magnetic properties turned out to be very sensitive to the chemical composition. In the Fe100-xVx system, in particular, the Curie temperature can varied between few Kelvin and more than 300 K [5] . Regarding the magnetism of , the subject of the present study, it has been so far found in four binary Fe-based alloys viz. Fe-V [5] [6] , Fe-Cr [7] , Fe-Re [8] and Fe-Mo [9] . Initially, the magnetism of  in Fe-Cr and Fe-V alloys was regarded as ferromagnetism (FM).
However, recent studies indicate more complex magnetic structure than initially anticipated. It appears that, for both alloys a re-entrant character of the magnetism has been evidenced [11, 12] . Also akin character of magnetism has been revealed for  in Fe-Re [8] and Fe-Mo [9, 13] alloys.
The aim of the present study is to shed more light on the magnetism of  in the Fe-Re system. The previous study performed on a series of -Fe100Rex (x=43-53) alloys showed that the Curie temperature, TC, strongly depends on the composition and varies between 65 K for x=43 and 23 K for x=53 [8] . At lower temperatures, a transition into a spin-glass (SG) state was detected. The SG state was found to be magnetically heterogeneous i.e. weak and strong irreversibility sub-states were identified. A transition from FM to SG in re-entrant SGs takes place at the so-called irreversibility temperature, Tir, while a second transition occurs at the so-called crossover temperature, Tco. According to the mean-field theory these transitions also occur in external DC magnetic fields, H. The loci of TC, Tir and Tco in the H-T coordinates constitute the so-called H-T magnetic phase diagram. Recently, based on in-field DC and AC magnetizations measurements, we constructed such phase diagram for a -Fe47Re53 sample [14] . Here we report on the H-T phase diagram for a -Fe55Re45 compound and discuss it in terms of the Gabay-Thoulouse model [15] .
Experimental

Sample
The sample
The -Fe55Re45 sample was prepared in the following way: powders of elemental iron (3N+ purity) and rhenium (4N purity) were mixed in suitable proportions and masses (2 g), and subsequently pressed into a pellet. The pellet was melted in an arc furnace under protective atmosphere of argon. The resulted ingot was re-melted three times in order to improve chemical homogeneity. The ingot was next annealed at 1803 K for 5 hours in vacuum, and, ultimately, quenched into liquid nitrogen. The loss of mass of the fabricated sample was below 0.01% of its initial value, hence the nominal composition can be regarded as the real one. Powder X-ray diffraction patterns at room temperature confirm the tetragonal structure. More details on structural and electronic properties of this sample can be found in Ref. [16] .
DC and AC magnetization measurements
DC Magnetization (M) measurements at various applied magnetic fields (H) in the temperature interval 5 K < T < 80 K, have been performed by a commercial (Quantum Design) superconducting quantum interference device (SQUID) magnetometer with sample mounted in gel-cap. Prior to recording the zero-field-cooled (ZFC) curves, the SQUID magnetometer was always adjusted to be in a "real" H = 0 state. The temperature dependence of the FC and ZFC branches were taken via warming the samples. The real (') and imaginary (") AC magnetic susceptibilities, at H ranging up to 500 Oe, were recorded with a home-made pickup coil method inserted into this SQUID at an amplitude of h0=0.05 Oe at the frequency of 1465 Hz. 
Results and Discussion
DC measurements
Characteristic temperatures
Going from high to low temperatures ( Fig. 1) , four characteristic temperatures can be distinguished in the MFC and MZFC curves (1) TC defined by the inflection point and interpreted as the magnetic ordering (Curie) temperature, (2) Tir defined by the bifurcation of the two curves, and associated with a transition into a spin-glass (SG) state, (3) Tco defined by the maximum value of MZFC curve, and interpreted as a crossover from a weak into a strong irreversibility state of SG, and (4) Tco2 defined by a "knee" in the MZFC curve observe at T < Tco, which can be interpreted as a transition from the strong irreversibility state into a second stronger one. All these temperatures, except Tir, can be precisely determined from the temperature dependence of dMZFC/dT, as shown in Fig. 2 . 
Degree of irreversibility
The M(T)-curves shown in Fig. 1 give clear evidence that the degree of irreversibility of the SG state, depends both on temperature and on H. It is also clear that with increasing H the difference between the MFC and MZFC curves decreases. The latter can be obviously related to a decrease of a spin canting, caused by the applied magnetic field. Quantitatively, the irreversibility can be regarded as the difference in areas under the MFC(T,H) and MZFC(T,H) curves, M(H):
Where T1=5 K and T2=Tir.
The M(H)-values obtained from eq.(2) are presented in Fig. 5 . It is evident that the behavior is not monotonic: up to 200 Oe a rapid increase is seen, followed by an exponential decrease. For comparison, similar data determined for the -Fe47Re53 sample [14] have been added. It is obvious that the concentration of Re dramatically affects the degree of irreversibility. Fig. 6 (a) . It is readily observed that at 5 K M(H) first increases sharply up to 7 kOe and then tend to saturate, but saturation is not achieved up to 50 kOe. A symmetric hysteresis loop with a coercive field Hc= 280 (10) Oe is also shown in Fig.   6(b) . On the other hand at 100 K (in the PM range) the M(H) curve is not completely linear as expected but composed of two linear slopes. This M(H) can be fitted as:
where Ms is the intrinsic saturation moment due to a FM extra phase and H is the linear PM contribution of the major fraction. Ms obtained is 1.94 emu/g which corresponds to 0.021 µB/Fe, a value which is three order of magnitude lower than the PM Peff stated above ( 
Magnetic phase diagram in the H-T plane
The magnetic phase diagram of Fe55Re45 as deduced from the DC magnetization measurements is presented in Fig. 7 . It clearly testifies to a re-entrant character of magnetism in this sample, namely on lowering the temperature there is a transition from a paramagnetic (PM) to an intermediate ferromagnetic (FM) and to a spin-glass (SG) states. As expected, the phase transition of the latter state significantly increases with H. The SG state can be divided into two sub states: (1) with a weak irreversibility (SG1) and with a strong one (SG2). The phase field of SG1 has the largest temperature range at 500 Oe. At this field the characteristic lines defined by the loci of Tir(H) and of Tco(H) show anomalies i.e. there is a change of the dependence on H (note the different colors in Fig. 7 ). Tir(H) and Tco(H) dependences can be next used for validation of different predictions relevant to the issue. According to the mean-field theory (MFT), the T-H relationship is:
Where T can be either Tir or Tco.
Three different predictions of  and thus on the T-H relationships can be found throughout the literature as far as the re-entrant SGs states are concerned: (1)  =2/3 (for Tir), (2)  =2 (for Tco) [15] and (3)  =1 [17] . The Tir and Tco data shown in Fig. 7 were fitted to eq. (4) different -exponents. An unusual feature revealed in this study is the existence of a second cross-over transition within the strong-irreversibility SG2 state at Tco2 7 K which divides it into two sub states, SG2' and SG2". To our best-knowledge, neither such transition has been predicted nor reported so far. The line associated with this transition shows a weak field dependence: up to H=500 Oe a weak decrease and above a weak increase can be seen. At H=1200 Oe this line merge with the "true" strong-irreversibility line i.e. Tco1. and as well as from imaginary (") parts (T"I, T"II and T"III) of the AC magnetic susceptibility curves. TI from the inflection point in ', hence corresponding to the Curie temperature, TC, TII from the maximum in ' and from the first maximum in ", and TII from the "knee" in ' and from the second maximum in ". Approximate positions of these temperatures are marked in Fig. 8 while Fig. 9 illustrates the way of their determination. The temperature TII is usually associated with the spin-freezing temperature, and TIII can be interpreted as the cross-over temperature from the weak into the strong irreversibility SG state. 
AC measurements
Characteristic temperatures
Magnetic phase diagram
The magnetic field dependences of these three temperatures are displayed in Fig. 10 yielding the corresponding magnetic phase diagram in the H-T plane. It shows three magnetic phase fields viz. FM, SG1 and SG2 whereas in the phase diagram based on the DC measurements (Fig. 7) there are four magnetic phase fields viz. FM, SG1, SG2'
and SG2". The difference stems from the fact that the AC susceptibility curves do not trace the irreversibility transitions at Tir Consequently, the FM phase field in the AC magnetic phase diagram is wider than the one in the DC magnetic phase diagram.
Noteworthy, the value of =0.7(1) for TII (the maximum in the ') observed in the TII(H)
line for H  250 Oe agrees well with =2/3 predicted for the cross-over line corresponding to spontaneous breaking of the replica symmetry [15] . 
Discussion
The re-entrant character of magnetism viz. PMFMSG of -Fe55Re45 studied sample was revealed from DC magnetization measurements performed at 100 Oe [8] .
The present measurements show that this re-entrance persists up to 1200 Oe. There is a general qualitative agreement with the Gabay-Thoulouse (GT) model i.e. the transition line from the FM into the SG state (irreversibility line) decreases with H in line with a power law line but with different exponents, . In addition, it shows a crossover at 500 Oe (value of  changes). As predicts the GT model, there is also a second transition line, known as the cross-over line, marking a transition from a weak into a strong irreversibility SG states, which also decreases with H, but with a different value of  than expected from the model. Furthermore, at 500 Oe,  changes from 0.5 to 1.0. Noteworthy, =1.0 agrees with the prediction by Dubiel et al. [17] . However, the most significant departure from the GT prediction for the re-entrant SGs, is the existence of a third line (almost independent of H) within the strong-irreversibility SG state. Its existence has been found from both DC and as well as from AC measurements. One may ask a question on whether the presently new observation can be used to validate the GT model. If the answer is yes, then the model fails because: (i) the extracted values of  do not agree with the predicted ones. In addition,
(ii) the strong-irreversibility SG state studied here is heterogeneous i.e. there are two cross-over lines, in contrast to the GT model which predicts only one such line.
However, another question may be raised on whether the GT model can be applied to such a complex system like the sigma phase. Its complex crystallographic structure (five different lattice sites with different coordination numbers and distances to the nearest-neighbors) obviously leads to a complex magnetic structure as well. for some of them. Consequently, the overall coupling between the five magnetic moments may be a complex combination of temperature and applied magnetic field.
In other words, the spin relations and conditions in the sigma phase are much more different than those assumed in the GT model [15] . Under these circumstances it is not surprising that the GT model does not agree quantitatively with the experimental data presented here case.
Concerning the phase diagram determined from the AC measurements, it is similar to the DC one (for H  500 Oe) except for the absent Tir-line. Consequently the FM phase field is wider. The H-dependence of the TII-line agrees quantitatively with the prediction of the GT model for H  250 Oe and with that of Dubiel et al. for higher fields [ 17] . 
Summary
